A gall wasp, Aulacidea subterminalis, was released into the field in New Zealand in 1999 for biocontrol of the grassland weed Hieracium pilosella. To predict its likely impact in the field, the effect of the gall wasp on plant growth was measured under stress-free conditions in a shade house trial with potted plants. Plants with galls showed a reduction in stolon length of 75%. They had slightly lower total dry matter and reduced root weight. In a glasshouse experiment to measure the impact of water stress, nutrient stress, and plant competition on growth of H. pilosella and performance of the gall wasp, the number and mean diameter of gall clusters were not significantly different between treatment and control plants. However, galled plants produced more, but shorter, stolons in all stress treatments, and stolons that were more branched in nutrient-and water-stressed plants, than ungalled plants. Under the plant competition treatment, total stolon length relative to biomass was greater with, than without, wasps, indicating that stolons were thinner. Galling by A. subterminalis is likely to reduce vegetative reproduction of H. pilosella whether or not the plants are stressed, indicating that the wasp may be a successful biocontrol agent.
Predicting the Impact of the Biocontrol Agent Aulacidea subterminalis (Cynipidae) on Growth of Hieracium pilosella (Asteraceae) under Differing Environmental Conditions in New Zealand
INTRODUCTION
Hieracium pilosella L. (Asteraceae) was probably introduced into New Zealand as a contaminant of pasture seed. It was first recorded in 1878 (Webb et al ., 1988) during the early stages of settlement and extensive pastoral farming. With the absence of native mammals, New Zealand grasslands were subject only to low intensity browsing from
flightless birds prior to the introduction of grazing animals from Europe in the midnineteenth century (Scott et al ., 1990 ). The rampant invasion of H. pilosella into grassland ecosystems has been attributed in part to its weedy characteristics in a new environment, freed from the biotic constraints present in its native Europe, and in part to the increasing degradation of grassland ecosystems as a result of overgrazing (Rose et al ., 1995) . Together with two other stolon-producing Hieracium species, H. praealtum and H. caespitosum , and the non-stoloniferous H. lepidulum , H. pilosella has become a serious weed problem for hill and high country farming in short tussock grassland (McMillan, 1991) as well as in conservation areas (Timmins & Mackenzie, 1995) . Makepeace (1985a) attributed the success of H. pilosella to its relatively wide edaphic-climatic tolerance, resulting in a uniform growth response to varied conditions. He also showed that H. pilosella relied almost entirely on vegetative reproduction to maintain its population. The dense mats resulting from 'daughter' rosette production on stolons from the parent plants impede seeding establishment of competing plant species.
In an attempt to limit vegetative reproduction of H. pilosella , the stolon-feeding Aulacidea subterminalis Nisbett (Cynipidae) was selected for introduction into New Zealand as one of a suite of five insect biocontrol agents. These five were considered most likely to have both narrow host ranges and be damaging to their host plant (Syrett et al ., 2001) . The tribe Aylacini, to which Aulacidea belongs, is one of five gall-making groups of cynipids (Ronquist, 1995) . Almost all gall-forming cynipids are specific to a single plant species, or at least to a single genus. In the field in Europe, A. subterminalis has been recorded only from Hieracium pilosella (Eady & Quinlan, 1963) , and in laboratory host range tests, this wasp galled only H. pilosella and to a lesser extent H. aurantiacum (Syrett et al ., 2001 ). Female A. subterminalis (there are no male wasps as the species is parthenogenic) lay eggs into the stolon tips and occasionally into the leaves of H. pilosella . In Switzerland, females laid a mean total of 84.5 (range, 28 Á/145) eggs, an average of seven (range, 1 Á/16) into each stolon tip (Grosskopf, 1996) . Each larva develops inside an individual gall, about 4.5 mm in diameter, and several galls usually form a cluster at the end of a stolon. Larvae overwinter inside the galls, pupate in spring, and new-generation adult wasps emerge in spring or early summer. There is only one generation per year.
Like other gall-forming insects, plant-feeding gall wasps redirect plant nutrients from normal plant growth and reproduction to produce galls that provide food and protection for developing wasps. Although gall wasps from the family Cynipidae have not previously been used as weed biocontrol agents in New Zealand, Diplolepis rosae (L.) was considered as a prospective control agent for Rosa rubiginosa L. (Syrett, 1990) . Two gall wasps have been used as weed biocontrol agents worldwide, and both have been highly effective (Julien & Griffiths, 1998) . The eurytomid Eurytoma attiva Burks successfully controlled black sage (Cordia curassavica Jacq. (R & S)) in Mauritius by destroying fruit and preventing reinvasion by the weed, and has also been effective in Malaysia and Sri Lanka (Cock, 1985) . In South Africa, the pteromalid Trichilogaster acaciaelongifoliae (Froggatt) established widely throughout the range of Racosperma longifolium (Andrews) C. Martius reducing seed production by 85 Á/100%. In addition, tree biomass was reduced through the induction of galls in a large number of reproductive buds than would normally have been aborted. The galls drew nutrients from phyllodes, resulting in mortality of trees at 40 of 136 release sites (Dennill et al ., 1999) . Characteristics described by Dennill (1990) that were important for success of a gall former included high fecundity, parthenogenesis, multiple gall formation, high dispersal capability, and climatic compatibility. Fay et al . (1996) suggested that gallforming wasps have the potential to be highly successful biocontrol agents because they often cause substantial damage to their host plants, especially when the plant is under stress. Bagatto et al . (1996) showed that galls of the cynipid Phanacis taraxaci Ashmead accumulated between 9 and 70% of total carbon produced by the host plant, depending on the number of galls. They suggested that galls were actively redirecting carbon resources
from unattacked leaves, representing a significant drain on resources of the host while increasing the number and size of galls per plant. Fay et al . (1996) showed that galling of Silphium integrifolium Mitchx. (Asteraceae) by Antistrophus silphii Gil. (Cynipidae) reduced plant height, total leaf area, and inflorescence production, and caused earlier leaf and shoot senescence.
Factors that may influence the performance of A. subterminalis on H. pilosella include competition between H. pilosella and other plant species, and soil fertility and moisture levels. Sheppard (1996) drew attention to the interaction between plant competition and the impact of biocontrol agents of pasture weeds. Navie et al . (1998) The exotic grass Agrostis capillaris L. (Poaceae) (browntop), which grows in association with H. pilosella (Rose et al ., 1995) , was identified by Wills et al . (1992) in a group of plant species having relatively low susceptibility to invasion by Hieracium species. Fan and Harris (1996) showed that, at high soil fertility, Rumex acetosella L. suppressed H. pilosella , but compared to the native tussock grass Festuca novae-zelandiae J.B. Armstr., H. pilosella responded to increased availability of mineral nutrients by increased biomass and flowering. Vegetative reproduction by H. pilosella was shown to be strongly influenced by fertilizers (Makepeace, 1985b) . Under higher nutrient conditions, stolon production was more vigorous. Schowalter et al . (1999) showed that gall-forming midges (Cecidomyiidae) performed better on creosote bush (Larrea tridentata (Chew.)) when bushes were irrigated than when they were subjected to water stress.
The aim of this study was to measure the impact of the gall-forming wasp Aulacidea subterminalis on the invasive weed H. pilosella under differing environmental stresses (plant competition, nutrient, and water) to aid in predicting how successful it is likely to be as a biocontrol agent for H. pilosella in New Zealand.
METHODS

Experiment 1
Seeds of H. pilosella collected from the Mackenzie Basin, South Canterbury, were grown in a sand-based seed-raising mix in a glasshouse at Landcare Research, Lincoln, New Zealand, in winter 1999. After 16 weeks, 40 seedlings, all of approximately similar size, were pricked out and planted individually in plastic trays (420 )/300)/60 mm). Using a tray with large surface-area allowed stolons to grow along the soil surface, as they would normally do in the field. A sand-based potting mix was used to facilitate washing the mix from plant roots when harvested. The trays were then placed in an outdoor shade house (70% light transmitted) until stolon growth was initiated.
Wasp larvae were reared on potted H. pilosella plants in rearing facilities at Landcare Research during the 1998 Á/99 season. Galls containing mature larvae were harvested in May 1999 and overwintered in a cool room (5/58C) until 1 month before adult wasps were required. They were then warmed to 208C and newly emerged adult wasps were transferred to experimental plants.
After plants had been growing in the trays for 8 weeks, wasps were introduced to the plants. Individual rosette plants growing in each tray were paired with a second plant that was similar to it in size (pairs 1 Á/20). A polyester fibre, fine mesh sleeve that was held up above the plant by means of a wire frame enclosed each tray. The trays were randomly allocated to positions on a wooden bench within a second shade house. Ten newly emerged adult wasps were placed inside the mesh cage over one of the paired plants (test); no wasps were placed in the cage over the other (control). A honey-soaked cotton dental roll, and some bee pollen in a 50-mm diameter Petri dish were placed in each cage as food for wasps. The food was changed weekly. There were insufficient newly emerged wasps to place with all
F the plants at one time, so pairs of cages were set up as wasps became available over a period of 16 days. Once all of the wasps within a cage had died (maximum time 4 weeks), the sleeves, wire cages, and food were removed from both of the paired plants. Every stolon produced by rosette plants was tagged, and measured weekly from the day the adult wasps were introduced with the test plant. After 6 weeks, each plant (both test and control plants from each pair) was separated from soil material and divided into three parts: stolons (that had been measured), other leaf material, and roots. Root material was washed; then separate types of plant material were placed into paper bags for drying in an oven for 20 days. The dry mass of each type of plant material was recorded for each plant.
To compare stolon lengths between plants before and after treatment, and with and without gall wasps, mixed-effects models were fitted using the function lme in S-Plus † 6 (Insightful Corp., 2001). The variability of stolon lengths within a plant differed greatly between plants within each treatment, so it was necessary to fit models with separate estimates of variance for each plant. Differences in dry matter were tested using ANOVA with pair as a blocking variable.
Experiment 2
In spring of the second season (2001/02), H. pilosella plants were collected while they were still dormant in blocks of soil (300 )/300)/80 mm) from the field at Castle Hill Basin, Canterbury, New Zealand. Rosette plants, 20 Á/30 mm in diameter, were separated from the mats and potted individually into pots 80 )/80 )/100 mm deep. The roots were washed, and rosettes were planted into a sand Á/fertilizer mix (slow-release fertilizer PlantoSam † : nitrogen (N) 20%, phosphorus (P) 4.36%, potassium (K) 12.5%, magnesium (Mg) 3.6% at a rate of 2 kg m (3 ). Potted plants were maintained in a controlled-temperature room at Landcare Research, Lincoln, at approximately 168C and 16:8 h light:dark to accelerate plant growth and the development of stolons. Plants were watered as necessary. Two batches, each of 120 rosettes, were planted 3 weeks apart to ensure that plants at a suitable stage of development would be available when wasps were ready to oviposit.
For the plant competition (pc) treatment, seeds of Agrostis capillaris were sown on a sand base in trays 420)/300)/60 mm deep and maintained in a controlled-temperature room at approximately 188C and 16:8 h light:dark. The sand was kept damp until seeds germinated.
The experiment was set up in a glasshouse when a sufficient number of gall wasps had emerged on 6 November 2001. Eighty similar-sized rosette plants from the second planting were selected for use in the trial. One rosette plant was planted in the centre of each of 20 trays of A. capillaris plants. The grass was approximately 50 mm high at this stage, and the inserted H. pilosella plant occupied a circular area approximately 80 mm in diameter. The remaining 60 rosette plants were placed in the centre of 60 similar trays filled with sand, but without grass. Twenty trays each were randomly assigned to a water stress (w), nutrient stress (n), or control (c) treatment. Within each treatment (pc, w, n, c) half the plants were randomly selected to receive gall wasps ('/wasp), the remainder did not receive wasps ((/ wasp). The trays were randomly allocated positions in the glasshouse, under the same conditions that the plants had been growing under previously. All trays, except for the water stress treatment, were placed on trays (500 )/350)/30 mm) filled with sand with a weed mat between the two trays to allow high water levels to be maintained more easily. All trays, except for the nutrient stress treatment, were fertilized with 20 g of PlantoSam † sprinkled on the surface. All trays were then watered normally for the last time. The number and length of stolons was recorded for each plant.
Moisture levels in the trays were maintained at ]/18% soil water volume content (WVC) (normal treatments) and ]/9% WVC (water stress treatment). Soil moisture was measured daily using a HydroSense TM moisture probe, and trays were watered to saturation when soil water volume fell below the designated values.
Each tray was enclosed in a mesh sleeve similar to those in Experiment 1. However, to accommodate the grass growth in the plant competition treatment, taller wire frames (and larger sleeves) were used for all cages in 2001/02 than in 1999/2000. Eight gall wasps were introduced to each of the plants assigned to receive wasps ('/wasp). Food was provided for wasps: a honey-soaked cotton dental roll and a little bee pollen, in a 50-mm-diameter Petri dish, were placed in each sleeve containing wasps. The food was replaced weekly.
The sleeves were removed after 3 weeks when all adult wasps had died. The treatments were maintained for a further 2 weeks until galls had matured. At the completion of the experiment, the numbers and diameters of galls were recorded for all plants that had wasps with them, and all stolons and stolon branches were measured for each plant. Each plant was then carefully removed from its tray, taking care not to damage the roots, and washed to remove sand and debris. Stolons were separated from the remaining plant material. Stolons and the remaining plant material were placed in separate paper bags, oven-dried at 808C for 20 days, and weighed.
Data on number and diameter of gall clusters with treatment were analysed using generalized linear models in S-Plus † 6 (Insightful Corp., 2001). A Poisson distribution was assumed for the number of gall clusters, and treatment differences were tested using likelihood ratio tests. Gall cluster diameters were square-root transformed prior to analysis. Where measurements were taken both before and after treatment (number and length of stolons), a linear mixed-effects model was fitted to the square-root transformed counts and Wald's F -tests used. Total stolon length was analysed similarly except that data were naturallog transformed prior to analysis. Data on number of stolon branches were analysed as for number of gall clusters, and branch length data as for gall cluster diameters. Data on plant biomass and stolon biomass were natural-log transformed prior to analysis to ensure that assumptions of normality and constant residual variance were met. For two of the nutrient treatment plants, data on stolon biomass was missing Á/ so these plants were omitted from the analysis. Figure 1 shows the difference in stolon production between a plant that produces galls following exposure to gall wasps and a control plant that was not exposed to A. subterminalis. The mean length of main stolons of gall-infested plants was only 25% that of uninfected plants (Table 1) . There was considerable branching in stolons on experimental plants (Figure 1 ) and the length of the branches (see Figure 2) was not significantly different between galled and ungalled plants. However, when differences between total stolon length (c 0/a'/b in Figure 2 ) were tested, there was an effect of galling (Table 1) .
RESULTS
Experiment 1
There were no significant differences between dry matter measured from galled and ungalled plants, although means were generally slightly higher for ungalled plants (Table 1) .
Experiment 2
There was no evidence that the mean number of gall clusters varied with treatment (/x 2 3 0 4:95; P 0/0.18). Means were low for all treatments (Figure 3a) . Similarly, although backtransformed mean gall cluster diameter was slightly higher for controls than for treatments (Figure 3b ), differences were not significant (F 3,36 0/1.32, P 0/0.28).
The number of stolons increased in the control and competition treatments over the 5-week duration of the experiment (F 3,72 0/4.44, P 0/0.006), but not in the nutrient and water stress treatments (Figure 4a ). In the control treatment, and to a lesser extent in the competition treatment, there was an increase in the number of stolons on the plants with
wasps compared to plants without wasps (F 1,72 0/7.17, P0/0.009). Total stolon length increased more in treatments without wasps (F 1,72 0/4.44, P 0/0.039). Stolons also increased in length significantly more in control and competition treatments compared to nutrient and water stress treatments (F 3,72 0/6.54, P 0/0.001) (Figure 4b ). In summary, plants galled by wasps produced more, shorter stolons than plants without galls ( Figure 5 ). The effect was least marked in the plant competition treatment. Total root mass (g) 2.66 0.12 6.5 (0.5) 7.5 (0.5)
Stolon branching was greater in control and competition treatments than in the others (Figure 6 , y -axis), but under nutrient and water stress treatments, the presence of wasps significantly increased branching (/x 2 3 0127; P B/0.001). Branch length data showed a similar pattern to that for number of branches (F 3,72 0/6.37, P B/0.001) (Figure 6, x -axis) . Control plants produced fewer, shorter branches when galled by wasps, plants under competition from A. capillaris showed no difference, while nutrient-and water-stressed plants produced more and longer branches when galled by wasps (Figure 6) .
Although there was a highly significant reduction in plant biomass of stressed plants compared to control plants (F 3,72 0/44.1, P B/0.001), there was no difference between plants galled by wasps and those without galls (F 1,72 0/0.00, P 0/0.95). There was no evidence for an interaction between presence of wasps and the stress treatments (F 3,72 0/1.74, P 0/0.17) (Figure 7) . Stolon biomass was similarly depressed by treatment (F 3,70 0/25.3, P 0/0.000) (Figure 8 , x -axis) and there is some evidence that it was also depressed by wasps (F 1,70 0/ 3.86, P 0/0.053). Again, there was no evidence for a waspÁ/treatment interaction (F 3,70 0/0.4, P0/0.73) (Figure 8) . 
In both experiments, stolon growth was reduced in the presence of wasps, and was also affected by stress treatment. The first experiment showed that unstressed plants galled by wasps produced significantly shorter stolons (Table 1 ). The second experiment showed that there was a difference in response according to stress treatment. More stolons were produced in the control, and to a lesser extent in the competition treatment, with wasps than without wasps (Figure 4a ) but stolon length was greater without wasps in all treatments (Figure 4b ). Branching was markedly increased with wasps in the nutrient and water stress treatments ( Figure 6 ) indicating that under these conditions, where relatively few stolons are produced naturally, the gall wasp has the effect of inducing the plant to produce an increased number of suitable sites for oviposition and further gall development. Stolon development and subsequent formation of new 'daughter' rosettes is often stunted by the growth of galls (personal observation). Galls were induced on 72% of the 'daughter' 
rosettes initiated on plants in the second experiment, indicating that relatively low wasp populations could have a major impact on vegetative reproduction. Plants may respond by producing additional branches with ungalled tips, but under competition from other plant species, 'daughter' rosettes that develop here may be weaker as a result of the generally thinner stolons produced by galled plants compared to ungalled plants (see ratio of stolon length to biomass in Figure 8 ). We expected that at high fertility, A. capillaris, like R. acetosella (Fan & Harris, 1996) would suppress H. pilosella as shown in Figure 7 . However, it is surprising that there was no apparent interaction between competition from A. capillaris and the effect of gall wasps on H. pilosella , as might be predicted from previous studies (Sheppard, 1996; Navie et al ., 1998) . It is possible that such an interaction may occur under conditions of water and/or nutrient stress.
FIGURE 5. Relationship between number and length of Hieracium pilosella stolons produced with and without the gall wasp, Aulacidea subterminalis, under plant competition, nutrient, and water stresses.
FIGURE 6. Relationship between mean (9/SE) number and mean (9/SE) total length of branches of stolons produced on Hieracium pilosella plants with and without the gall wasp, Aulacidea subterminalis, under plant competition, nutrient, and water stresses.
In the field H. pilosella plants generally grow less vigorously than under the unstressed experimental conditions, illustrated in Figure 1 . However, we have observed field plants with stolons up to 0.5 m long that sprawl over F. novae-zelandiae tussocks and other vegetation. Under these conditions, the gall wasp may reduce stolon growth. Where H. pilosella is growing under conditions of nutrient and/or water stress, increased stolon branching induced by gall wasps could be advantageous to the wasp while being detrimental to vegetative reproduction and development of new 'daughter' rosettes by the plant. By acting as metabolic sinks, gall-forming insects may have a major impact on growth and reproduction of a weed (Harris & Shorthouse, 1996) .
Although the number and diameter of gall clusters produced were slightly higher on control plants than on plants under stress treatments, differences were not significant ( Figure  3a ,b) indicating that gall wasps survive and reproduce equally well on stressed plants. This is contrary to the general observation that gall-forming insects perform significantly worse on FIGURE 7. Mean biomass of Hieracium pilosella plants grown with and without the gall wasp, Aulacidea subterminalis, under plant competition, nutrient, and water stresses.
FIGURE 8. Relationship between mean (9/SE) total stolon biomass and mean (9/SE) total stolon length produced on Hieracium pilosella plants with and without the gall wasp, Aulacidea subterminalis, under plant competition, nutrient, and water stresses. (Price, 1991) . In its native habitat, A. subterminalis occurs on H. pilosella inhabiting arid, nutrient-poor grasslands, poorly fertilized upland pastures, inland dunes, and man-made heaths (Ellenberg, 1988) indicating that it should be adapted to survive in dry, low-nutrient environments. Many of the areas occupied by H. pilosella in New Zealand are similarly relatively dry and low in nutrients (Scott et al ., 1990 ) and successful biocontrol agents will need to colonize and populate plants growing in these conditions. Results indicate that the gall wasp should be able to do this successfully. There was no significant reduction in biomass associated with plants galled by the wasp (Table 1; Figure 7 ). This may be because too few wasps were available to have sufficient impact on the plants, or because the experiment ran for too short a time. While repeated attack would be expected to have a cumulative effect, ultimately affecting biomass, it is also possible that plants can compensate for the level of damage applied by the wasps, which are active over a relatively short period. Timing of attack has been identified as a factor critical to the success of cynipids (Dennill, 1990) .
Aulacidea subterminalis is one of a suite of five insect biocontrol agents introduced to New Zealand for suppression of H. pilosella (Syrett et al ., 2001) . Together with the accidentally introduced rust fungus Puccinia hieracii (Roehl.) H. Mart. var. piloselloidarum that defoliates the plant, the gall wasp will be aided by a crown-feeding plume moth Oxyptilus pilosellae Zeller, a syrphid that also feeds in the crown of the plant (Cheilosia psilophthalma (Becker)), a root-feeding syrphid C. urbana (Meigen), and a midge that galls leaves and stems, Macrolabis pilosellae (Binnie). Biocontrol should be part of an overall management programme to conserve both indigenous grasslands and artificially maintained grazing lands that utilize a mixture of native and exotic species.
Gall wasps (Cynipidae) have already been used successfully as biocontrol agents in Asia and in South Africa (Julien & Griffiths, 1998) . The influence of A. subterminalis on vegetative reproduction of H. pilosella demonstrated here indicates that this gall wasp may exhibit at least one characteristic of a successful biocontrol agent, that of reducing the spread of a weed.
